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n intimidating aspect of cancer is its ability to spread, with metastasis causing 90% of cancer-related deaths. 1, 2 Metastasis is a multistep process in which tumor cells escape from the primary tumor site, enter the bloodstream, arrest at a secondary site, extravasate, and proliferate to form secondary tumor colonies ( Figure 1 ). 3, 4 To migrate through the primary tissue and intravasate into the blood, the cell experiences several changes. Increased mobility and the loss of adhesive proteins allow the cell to traverse the extracellular matrix components and the basement membrane in its initial location. 2 ,5À7 Many of these transformations are characteristic of the epithelial-mesenchymal transition (EMT), a process normally seen in embryogenesis that allows cancer cells to gain the motile phenotype coupled with the loss of distinguishing epithelial markers. 8À10 The cell persists through phenotypic refinement, but without interaction with its environment, it would be unable to progress. An aggressive tumor cell is able to fight impediments to intravasation posed by the microenvironment such as hypoxia and an immune response using the tools at hand: stromal cells and their secreted factors are hijacked into both helping the tumor cell enter the bloodstream as well as prepare the secondary environment for colonization. 2 Similarly, once the tumor cell has left the primary environment and entered the blood, it can aggregate with platelets to avert the immune response and gain protection from the shear stress caused by fluid flow. But arrival at the secondary microenvironment does not guarantee proliferation as the cell may remain dormant or even die. 3 Only a small percentage of these tumor cells will ultimately grow into micrometastases, and of those micrometastases few still will proceed into full blown macrometastatic lesions. This process occurs in parallel to the development of the primary tumor, and often before that tumor is initially detected. 11 Less than 0.00004% of initially disseminated cells complete the metastatic process, 12 and yet, it is these few cells which lead that charge of cancer mortality. To be able to isolate and identify these cells is a clear direction of interest in cancer research. The ease of drawing blood coupled with the wealth of potential information about metastatic mechanisms make circulating tumor cells (CTCs) a tantalizing target for study, particularly given their clinical relevance. Several studies correlate CTC counts with various clinical time points including overall survival and progression free survival. Most of these studies set discrete cut-offs and have evaluated the associations within cohorts in cancers such as breast, 13À15 colorectal, 16À18 prostate, 19 and melanoma. 20 In some cases, these cutoffs have been shown to better predict overall survival than traditional biomarkers such as PSA. 19 However,
while CTCs have been used in American Society of Clinical Oncology (ASCO) recommendations, 21 more widespread use of CTCs as prognostic indicators is hindered by the lack of Stage III clinical data. 22 Difficulties in including CTCs as potential biomarkers in clinical trials are a result of several factors, including the low number of CTCs recovered (hindering downstream analysis), lack of biological and molecular characterization of CTCs, and questions regarding the usefulness of CTC enumeration. 23 To facilitate enumeration and isolation, various devices and technologies have been developed to capture CTCs. However, their operating principles are often at odds with heterogeneous and metaphoric nature of the cells of interest. While each of these detection and capture methods has their advantages, the drawbacks associated with the inherent properties of CTCs, as well as the challenging goal of capturing and culturing viable cells, mean current engineering must turn to new disciplines such as nanomaterials in order to build upon the wealth of technology already established ( Figure 2 ).
To provide an exhaustive litany of CTC isolation, detection, and analysis technologies would result in an unwieldy catalog; indeed, there have been over 12 000 publications on the subject since the year 2000. 24 While other articles cover more clinical subject matter 23 or emphasize different subsets of strategies, 25 our goal is summarize the recent history of the field and the technologies in use and development today to provide a context for the future directions of this research and the tools available to solve challenges going forward.
Commercially Available CTC Isolation Technologies. Although in the past two decades tremendous progress has been made in the field of CTC isolation techniques, there are very few technologies that are commercially available for clinical and research use. Here we describe a selection of methods which take advantage of magnetic particles and size based filtration to separate CTCs.
FDA Approved CTC Technology. The CellSearch system (Veridex LLC) was the first US Food and Drug Administration (FDA) approved system for the detection and enumeration of CTCs in metastatic breast, 26 prostate, 27 and colon cancer patients. 17 Using magnetic beads coated with antibodies against the epithelial cellular adhesion molecule (EpCAM), CellSearch isolated CTCs from the peripheral blood, after which they were fixed with 4% paraformaldehyde (PFA), immunostained with fluorescently labeled anti-cytokeratin (CK, an epithelial intermediate filament), anti-CD45 (a membrane antigen expressed by leucocytes), and DAPI (4 0 ,6-diamidino-2-phenylindole, a nuclear stain),
and enumerated by automated cell image capture and analysis. Cells designated as CTCs were characterized by low eccentricity, size greater than 5 μm, a visible nucleus, positive staining for CK, and negative staining for CD45. To verify the accuracy, precision, and linearity of the CellSearch system, Allard et al. evaluated the number of CTCs per 7.5 mL of blood using spiked samples as well as in 145 healthy donors, 199 patients with nonmalignant diseases, and 964 patients with various types of metastatic carcinomas. 28 The average recovery of SKBR-3 tumor cells spiked into 7.5 mL of blood was 85%. In blood samples from cancer patients, between 0 and 23 618 CTCs were recovered per 7.5 mL, with 36% of specimens yielding at least 2 CTCs. 26 In a multi-institutional study of 177 patients with measurable metastatic breast cancer, 61% of pretreatment patient samples had greater than or equal to 2 CTCs. Increased progression-free survival and overall survival were correlated with falling below a cutoff of 5 CTCs in 7.5 mL of peripheral blood drawn at the time points of before a new line of therapy was administered and of 3 to 4 weeks after initiation of therapy. These results exemplify the value of CTCs for delineating treatment groups and auditing the therapeutic response of metastatic disease. While the CellSearch system represented a breakthrough in CTC separation technology both in principles and in clinical applications, it is not without room for improvement. Given the rarity of CTCs, higher recovery and sensitivity would be desirable for most applications. Additionally, increased purity and the isolation of viable cells would allow more downstream analysis that could be informative for the study of cancer biology and for use in personalized medicine. The system itself requires expensive equipment. This technology represents an innovative milestone in CTC research, but it is a platform upon which the body of literature can build.
Size-Based Filtration Techniques. On the basis of his observation that tumor cells in the blood were often larger than other blood components such as erythrocytes, leukocytes, and platelets, Seal first used a simple sieve as a filter to separate what are now known as CTCs from the blood in 1964. 29 The sieve material was a perforated Markrofol tape with 4.5 μm pore size. The filter was able to separate nearly 100% of HeLa cells spiked into whole blood, and retained cancer cells from 19 out of 50 cancer patient samples. Concurrently, irradiated and etched plastic filters with precisely controlled hole size and density were first described for potential use in cell separation. 30 In 1992 these principles were combined using microporous polycarbonate membranes with a described application of separating 
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and staining CD4þ and CD8þ lymphocytes following a preliminary immunoseparation. 31 Rye et al. used immunomagnetic beads and three antibodies, MOC31, BM2, and LU-BCRU-G7, to enlarge and isolate cancer cells from single cell suspensions as well as bone marrow, blood, ascites, and tissue biopsies. 32 Following a magnetic separation and wash, the sample solution was filtered with a 20 μm nylon monofilament filter ( Figure 3a) . The isolated cells were grown on the filters for 10 days (Figure 3b) . These filters were then used either for visualization via immunohistochemistry using cytospin or for nude mouse xenografts. Filters with cultured melanoma cells were directly implanted into the mice, causing tumors in 4À6 weeks. Tumors presented even given a low number of cells, possibly a result of the increased viability afforded from the lack of trypsinization given the direct implantation or the preservation of a 3D environment throughout the change in culture conditions. Isolation by Size of Epithelial Tumor Cells (ISET) was an improvement over previous filtration methods as it did not require a preliminary separation through techniques such as immunomagnetic and flow cytometric cell separation. 33 Following dilution of the blood sample, the CTCs could be separated from the solution using a Track-Etch polycarbonate membrane with 8 μm diameter cylindrical pores. To characterize ISET, cells from liver, breast, cervical, and prostate cancer cell lines (HepG2, Hep3B, MCF-7, HeLa, and LNCaP) were spiked into 1 mL of peripheral blood (Figure 3c) . Captured cells could then undergo genetic analyses such as fluorescence in situ hybridization (FISH) and the polymerase chain reaction (PCR). Efficacy of the system was further assessed using samples from primary liver cancer patients, with CTCs found in 23 of the 44 patients and none of the healthy control subjects. 34 Cells were classified as CTCs based on size, nucleus to cytoplasm area ratio, and nuclear irregularities. Primer extension preamplification (PEP) and PCR were performed on the separated tumor cells as proof of ISET's applicability in cancer study. Zabaglo et al. modified the cell filtration technique with laser scanning cytometry (LSC), allowing for the relocation of cells expressing cytokeratin for further analysis. 35 While track etching allows for uniform pore diameter, the distribution of pores in the membrane can be irregular. Microfabrication techniques can be used to create a more uniform pore density. Zheng et al. used microfabrication with parylene-C, a polymer affording many advantageous qualities such as excellent mechanical properties, optical transparency, and low biofouling. 36 Parylene-C was deposited on a silicon wafer and patterned with oxygen plasma in reactive ion etching (RIE) to create a regularly porous membrane filter which could then be released from the silicon wafer using deionized water (Figure 3d ). Chrome/gold electrodes were integrated, allowing on-membrane lysis for further PCR analysis. This membrane was then tested with patient samples and the results were compared with those obtained from CellSearch: the parylene filter microdevice detected 
CTCs in 51 of the 57 patients tested, whereas CellSearch only detected CTCs in 26 of the 57 samples. 37 The membrane design was modified for inclusion in a 3D hexagonal patch which featured a second membrane layer to reduce the stress caused by interaction of captured cells with the pores (Figure 3e ). 38 The strategy of enlarging cells of interest prior to filtration has been used with microfilters as well. Following incubation with microbeads conjugated with anti-EpCAM via a linker containing a photocleavable o-nitrobenzyl group, diluted blood samples were flowed through a microfilter chip with 8 μm pores. 39 White blood cells continued through the membrane while enlarged cancer cells were retained. The microbeads were removed through i-line light irradiation, leaving viable cells that could then be analyzed with immunocytochemistry and quantitative fluorescence to determine in situ Human Epidermal Growth Factor Receptor (HER2) expression. Breast cancer cell line cells spiked into blood were separated with an average efficiency of 89%. Twelve metastatic breast cancer patient samples were assayed with all containing CTCs in the range of 1À31 CTCs/mL (Figure 3f ).
Modifications to the filtration process are an area of continuing research, with advances being made in both the materials used and their fabrication. This further optimizes a technique that allows viable cell separation for staining and morphological observation as well as an immediate platform for cell culture. However, most filtration methods are still plagued by inconvenient preprocessing steps such as dilutions, flow cytometry, and immunomagnetic separation, which also affect overall throughput. Membrane clogging can result in issues with purity, while variability in CTC size can lead to the loss of these rare cells.
Microfluidic-Based CTC Devices. Microfluidic devices provide innovative solutions to logistical problems, affording the advantages of high sensitivity, low cost, low reagent usage, small size, and several established fabrication techniques. 40 Operating on this length scale allows for laminar flow, yielding parallel streamlines with minimal mixing resulting only from diffusion. 41 In general, these laboratories-on-a-chip or micro total analysis systems (μTAS) consist of several elements from the microfluidic tool box including pumps, valves, reservoirs, and mixers, in addition to other thermal and electrical components. 42 Devices are often constructed from glass or silicon substrates; however, the low expense and plethora of simple fabrication methods have led to the development of a number of polymer-based devices. 41 
PDMS
(polydimethylsiloxane) in particular has emerged as a fundamental material in microfluidics, facilitating inexpensive prototyping. 43 Arising from an array of small scale analytical techniques, 40 an early biological application of microfluidics was a device that performed PCR, improving upon large-scale methods by decreasing the time of each step. 44 Other applications include on-chip molecular separation, protein analysis, immunosensing, and electronics cooling. 45 Given the many benefits of microfluidics, including a length scale amenable to cellular analysis, it is unsurprising that microfluidic devices are a staple in CTC isolation and analysis.
Silicon-Based CTC Chips. Nagrath et al. pioneered a silicon-based microfluidic device for the capture of CTCs from cancer patient blood samples. 46 This device featured viable cell isolation in addition to lacking sample preprocessing steps. The CTC-chip had an array of 78 000 silicon microposts which were subsequently coated with anti-EpCAM capture antibodies (Figure 4a ,b). The optimal flow rate was determined to be 1À2 mL/h in order to maximize the capture efficiency, which was greater than 60% for the NCI-H1650 cells spiked into whole blood. As the normalized number of CTCs recovered from the blood has been correlated with efficacy of treatment, 47 demonstrating an emerging clinical significance of the enumeration of CTCs, CTCs were enumerated in samples from 68 patients with non-small-cell lung (n = 55), prostate (n = 26), pancreatic (n = 15), breast (n = 10), and colon (n = 10) cancers. When fluorescent staining was used, CTCs were identified as those stained cells with DAPIþ/ CKþ/CD45À, and were detected in 115 of 116 (99%) samples. While the number of CTCs in a patient sample did not reflect the size of the primary tumor, it did correspond to the patient's response to treatment. Because of its high yield, sensitivity, specificity, and clinical relevance, this chip represented great strides in the field of CTC isolation. The research team went on to show further clinical applications using the Scorpion Amplification Refractory Mutation System (SARMS) technology to identify the T790M mutation in the epidermal growth factor receptor (EGFR). 48 This mutation is associated with tumor resistance to tyrosine kinase inhibitors, and the data gained from this study could potentially be used to determine the appropriate course of treatment. With the use of the CTC-chip, CTCs were isolated from non-small-cell lung cancer patient samples for analysis and compared with results from the primary tumor as well as free plasma DNA. The mutation was found in the CTCs of 11 of 12 patients whose primary tumors featured this mutation and the free plasma DNA of 4 out of these 12 patients. Increased CTC counts were correlated with tumor progression and further EGFR mutations. This demonstrated the utility of an immunocapture micropost device in a noninvasive genotyping procedure. In addition to the circular posts used by Nagrath et al., microposts on silicon chips have been designed to optimize capture through the manipulation of streamlines using alternative post geometries. Termed geometrically enhanced differential immunocapture (GEDI), 49 octagonal posts were staggered to maximize REVIEW collisions with cells ( Figure 4c ). The immunocapture aspect was achieved with a monoclonal antibody against the prostate-specific membrane antigen (PSMA), J591, and as such, the device was characterized with the LNCaP prostate cancer cell line. Applications of this device were demonstrated by performing capture with prostate cancer patient samples (Figure 4d ), as well as proof-of-principle ex vivo drug testing using the taxanes docetaxel and paclitaxel. 50 The device has been additionally functionalized with antibodies against HER2 to capture cancer cells known to have this membrane receptor upregulated. 51 Following the selection of the most optimal anti-HER2 antibody, the device was characterized with high and low HER2-expressing breast cancer cell lines, yielding capture efficiencies of 78% and 26%, respectively. Clinical efficacy was verified through the analysis of nine blood samples from five breast cancer patients and two gastric cancer patients with an average of 74 CTCs/mL identified in breast cancer patients and 120 CTCs/mL in gastric cancer patients. Silicon can also be incorporated into a glass device, combining the advantages of a transparent substrate with the ability of silicon to be finely patterned. Using anodic bonding and chemical mechanical polishing, Kim et al. were able to fabricate a cell capture device with a multiobstacle architecture (MOA) filter to trap size-enhanced cells (Figure 4e) . 52 Incubation of a cell solution with melamine microbeads conjugated with anti-EpCAM effectively increased the size of EpCAMexpressing cells, causing them to become trapped in the "cell capture rooms," made from silicon, while the smaller white blood cells were able to escape. The device was characterized by spiking MCF-7 cells/mL in whole blood, yielding an 89.7% recovery. Effective bright field imaging was achieved as both the top and bottom of the device are glass.
In another example of silicon on glass technology, pillars were deep reactive ion etched into a silicon wafer to form a capture surface which was then anodically bonded to glass wafer patterned with microfluidic chambers, a capture and recovery chip (CRC) (Figure 4f) . 53 This CRC was functionalized with streptavidin to capture cells pretreated with hybrid nanoparticles (HNPs) consisting of an antibody, a quantum dot, and biotinylated DNA, which bound to the avidin on the surface. Three different HNPs were prepared, each with a different antibody (anti-EpCAM, anti-EGFR, or HER2), quantum dot (Qdot(525 nm), Qdot(565 nm), or Qdot(625 nm)), and DNA sequence, allowing the specific marking and release of different breast cancer cell lines. Respective quantum dot fluorescence ratios were reflective of established cell line expression patterns, and cell spike experiments using whole blood yielded capture efficiencies of 81.3%, 91.2%, and 90.0% for the cell lines MCF-7, SKBR-3, and MDA-MB-231, with identification accuracies of 94.7%, 99.3%, and 83.3% based off said fluorescence patterns. Using restriction enzymes, cells were released into 96-well plates with efficiencies of 78.6%, 93.7%, and 86.0%, where they were able to adhere and proliferate. Glass/PDMS-Based CTC Chips. Glass is an attractive substrate for CTC capture chips due to its transparency for clear imaging, allowing for a wide variety of light microscopy based techniques yielding both bright field and fluorescent images. Shortly after the advent of the CTC-chip, the Toner group released a herringbone CTC capture chip (Figure 5a ) that made use 
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of passive mixing to increase encounters between flowing cells and anti-EpCAM-functionalized PDMS microchannels. 54 The creation of microvortices was induced in this "Herringbone-chip" through chevron patterns on a PDMS ceiling, disrupting streamlines and increasing the capture efficiency. Once tethered to the chip through the antibodyÀantigen interaction, cells could be stained for DAPI, CK, and CD45. The capture efficiency for prostate cancer cells (PC-3) spiked into whole blood was 91.8%, with 14% purity and 95% viability. The device was further tested with metastatic prostate cancer patient samples, with 93% detection rate. The optical transparency of the glass allowed for further analysis in the form of fluorescence in situ hybridization (FISH) to determine androgen receptor copy number in LNCaP cells. Off-chip analysis included RNA isolation for real-time PCR (RT-PCR), allowing the identification of a specific TMPRSS2-ERG translocation. The utility of the Herringbone-chip was demonstrated through its use in a study of the epithelialÀmesenchymal transition (EMT) in breast cancer CTCs. 55 Using multiple capture antibodies, anti-EpCAM, anti-EGFR, and anti-HER2, 
CTCs were isolated and subjected to RNA in situ hybridization, showing the presence of mesenchymal marker-displaying CTC clusters as well as the epithelial to mesenchymal spectrum of CTCs.
Herringbone micromixers have been optimized in a geometrically enhanced mixing (GEM) chip to increase throughput and purity in anti-EpCAM immunocapture. 56 When the width of the grooves within the micromixer was increased, purity was increased to 84% for pancreatic cell line (L3.6pl) cells spiked into whole blood. However, a high number of white blood cells were present when patient samples were analyzed, leaving room for additional optimization. As CTCs were detected in 17 of 18 patients studied, and CTC number corresponded to tumor size in three stage IV metastatic pancreatic cancer patients analyzed over the course of treatment, this technology appears to hold promise for use in the clinical setting.
Purity can also be improved through the chemical patterning of the capture surface. Anti-EpCAM capture can be strategically combined with E-selectin such that the specific interaction of EpCAM expressing cells (the cancer cells in the blood) are preserved during a wash with a calcium-chelating buffer that disrupts the white blood cells bound in the E-selectin regions of the device. 57 In cell spike experiments with CTCs and white blood cells represented, respectively, by MCF-7 and HL-60 cells, patterning with alternating regions of antiEpCAM alone and anti-EpCAM combined with E-selectin resulted in an 84.1% capture ratio for the model CTCs, while only 5.2% of spiked model white blood cells remained on the device. This patterning was achieved through the use of two different conjugation chemistries. Photopolymerized poly(acrylic acid) served both as the basis for the combination anti-EpCAM/E-selectin regions subsequently functionalized through N-hydroxysuccinimide (NHS)/1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) chemistry and to block the silanization that ultimately presents anti-EpCAM alone. The device represents a proof of principle but will require testing with more clinically relevant models. In contrast to the commonly used antibodies, aptamers are also used as capture agents. Easily generated using systematic evolution of ligands by exponential enrichment (SELEX), they bind their antigens with high specificity. Sheng et al. demonstrated an aptamermediated microfluidic device with elliptical glass micropillars in the glass substrate (Figure 5b) . 58 The glass substrate was isotropically wet-etched using a mixture of HF/HNO 3 /H 2 O to fabricate micropillars. Biotinylated aptamers 59, 60 have been used coupled with avidin on the surface of the glass microchannels/ micropillars to capture tumor cells spiked into whole blood containing other nontarget cells leading to a high throughput (∼93% capture efficiency, processing 1 mL of blood in 28 min) and high viability (94%) device.
PDMS microposts were used for heightened capture in a glass/PDMS device sealed using a two-step inking process (Figure 5c ). 61 Cross-linking occurred when polyethyleneimine (PEI) was inked on the glass substrate and brought into contact with PDMS modified with polymerized allyl glycidyl ether (AGE). This device was functionalized with anti-EpCAM, capturing 80À90% of cells spiked into buffer and 70% of cells spiked into whole blood. Alginate hydrogels were introduced to the glass/ PDMS setup for improved rare cell capture and release. 62 While alginate hydrogels have advantages such as simple formation and dissolution, they are also prone to nonspecific binding. To improve the specificity of capture, modified four-armed, amine-terminated PEG molecules capable of binding antibodies were added to the hydrogel and examined by extracting endothelial progenitor cells (EPCs) from whole blood (physiological concentration of 10 000 cells/mL). This hydrogel was injected into a device fabricated in PDMS irreversibly bonded to glass (Figure 5d ). Onethird of the EPCs were captured with a purity of 74% and a viability of 90% under optimal conditions, showing the potential for use of this method in other types of rare cell capture. Release of captured cells was performed using the calcium chelator ethylenediaminetetraacetic acid (EDTA) as the alginate hydrogels were cross-linked with divalent cations; however, this limits practical sample processing as blood is often stored in the presence of EDTA. Shah et al. modified this hydrogel via photo-cross-linking to demonstrate capture and release of cancer cells including PC-3 and SKBR-3 63 even in the presence of calcium chelators such as EDTA. The hydrogels were generally stable but could be degraded using the enzyme alginate lyase, allowing for viable cell release. Liu et al. integrated size-based and affinity-based techniques in a glass/PDMS device for enrichment followed by capture. 64 CTC enrichment was performed with deterministic lateral displacement (DLD) using a triangular micropost array (Figure 5e ). The larger (cancer) cells were directed centrally due to collisions with the microposts, while the smaller (white blood) cells followed the paths of the laminar streamlines to designated wasted chambers. This resulted in 1500Â enrichment. Cancer cells then flowed through a fishbone-patterned PDMS chamber which directed capture on an antibody-functionalized glass substrate. This sequence allowed for over 90% capture efficiency of 100/mL spiked cancer cells in 10Â diluted blood at a high throughput of 9.6 mL/min. Thermopolymer-Based CTC Chips. Poly(methyl methacrylate) (PMMA) can serve as an alternative to silicon as a substrate for microfluidic CTC capture and analysis devices due to its low cost and excellent optical transparency. Polymers such as PMMA are advantageous due to their amenability to convenient REVIEW fabrication techniques such as hot embossing and injection molding. Carboxylic acid groups can be selectively generated on the surfaces of PMMA by UV exposure to explore electroless deposition, protein concentration, and cancer cell capture (Figure 6a ). 65 Increased roughness can be induced using high intensity light, providing increased surface area for functionalization. Additionally, thermal bonding occurs at low enough temperatures to preserve these microfeatures. 66 With the use of these properties of PMMA, a high-throughput microsampling unit (HTMSU) was developed. The HTMSU was functionalized with antiEpCAM monoclonal antibodies for capture and included a conductivity sensor which enabled enumeration (Figure 6b ). The device was initially characterized with MCF-7, SW620, and HT29 cells (breast and two colorectal cell lines, respectively), showing the potential for cell release via trypsin and cell analysis using the polymerase chain reaction (PCR) and ligase detection reaction (LDR) (Figure 6c) . 66, 67 The benefits of the high aspect ratio features of PMMA are not limited to antibody capture. The anti-EpCAM monoclonal antibodies were exchanged for RNA aptamers against the prostate-specific membrane antigen (PSMA) for tissuespecific recognition. 68 Cyclic olefin copolymer (COC) has the advantages of PMMA in addition to having increased optical transmissivity; the implication of this is increased UV activation-produced carboxyl groups for increased capture antibody presentation, yielding higher capture efficiencies and purities. 69 This polymer was used as the substrate for a high-throughput (HT) CTC selection module that comprises a component of a CTC isolation and analysis system (Figure 6d ). 70 Following capture in high aspect ratio sinusoidal anti-EpCAM functionalized microchannels, CTCs were released using trypsin. The cells flowed across an impedance sensor embedded in PMMA for enumeration into a 2D array fabricated in PMMA for staining and confined imaging. The capture efficiency for the selection module was dependent on channel length, with an overall average of 83.1% and a maximum of greater than 90%. Collection efficiency of the staining and imaging module was determined by comparing stained cells with numbers generated by the impedance sensor. Fixed cells were collected with higher efficiency than unfixed cells (96% vs 85%). A lower collection efficiency of 72% was exhibited by analyzed pancreatic ductal adenocarcinoma (PDAC) patient samples, possibly a result of the 15% misclassification rate inherent in the impedance sensor due to the enumeration of white blood cells. Samples analyzed from metastatic and local PDAC patients averaged 53 and 11 CTCs/mL, respectively, with a high purity of 86%, although cell viability was negatively affected by trypsinization. The integration of microfluidics represents a dramatic change in the CTC separation paradigm, allowing for increased purity, yield, and sensitivity when compared to the CellSearch system. However, for CTC technology to progress, new techniques will be required to further increase these metrics, providing a greater number of a purer population of viable cells available for additional downstream analysis. These improvements will allow not only for greater study but also for room to adjust throughput for easier sample processing. Through interaction on the scale of extracellular structures, increased capture agent presentations, and the ability to transition REVIEW to capture agent independent methods, nanomaterials provide the advantages necessary to take these next steps in CTC research.
CTC Devices Incorporating Nanomaterials. Magnetic Nanoparticles. Magnetic nanoparticles (MNPs) can be used to take advantage of surface expression as well as innate physical properties of the cell. Following the exchange of blood plasma for dilution buffer, MNPs functionalized with anti-EpCAM were used to bind selected cells in the presence of a magnetic field in a reversibly bonded PDMS chamber using NdFeB block magnets (Figure 7a ). 71 The PDMS was then removed, facilitating microscopy. Cells were stained for CK, CD45, and DAPI and evaluated using computer automation with 90% capture ratios observed for spiked cell lines. An additional example of immunomagnetic separation included a dynamic setup to minimize cell aggregation and settling while maximizing capture. 72 With the use of a magnet which was positioned in direct contact with the microchannel (with the exception of the inlet, preventing accumulation), cells labeled with Fe 3 O 4 MNPs were separated in up to six devices that were rocked and repositioned during flow. Staining was performed with DAPI, anti-CK, and anti-CD45. Characterization with Colo205, PC-3, and SKBR-3 cell lines yielded 97%, 107%, and 94% capture ratios. Devices tested with patient samples showed comparable results to portions of those same samples exported to CellSearch for comparison. Like the Herringbone-chip, cell clusters were found. This strategy was adapted to account for variable antibody expression through the use of hybrid magnetic/plasmonic nanocarriers modified with several different antibodies (Figure 7b ). 73 Modified MNPs were conjugated with one of several biomarkers: anti-EpCAM, anti-HER2, anti-EGFR, anti-CK, and anti-MUC1. CK was detected through spontaneous internalization of the labeled MNP. Various combinations of nanoparticles were tested with cell lines with differing expression patterns. For example, a multiplex assay of anti-EpCAM and anti-MUC1 modified MNPs increased the capture of the low EpCAM expressing cell line BT-20 from the 45% yield achieved with anti-EpCAM alone to 78%. Internalized MNPs were used for cancer cell detection using a magnetic microarray. 74 FeCo MNPs were coated in graphite using chemical vapor deposition after which they were modified with two types of PEG, DSPE-PEG-NH 2 and C18-PMH-mPEG, allowing for biocompatibility and aqueous solubility (Figure 7c ). The MNP conjugates were spontaneously internalized by the ovarian cancer cell line SKOV3, allowing for cells to be attracted by strong magnetic fields. Cells were isolated from whole blood at a yield of at least 75% using a specifically designed microarray. The inherent properties of the MNPs themselves have been exploited to characterize CTCs. Through the immunolabeling of three different sizes (10, 12, and 16 nm) of MNP with various biomarkers, a cell expressing those biomarkers can, in turn, be labeled with these MNP complexes. 75 Levels of expression can be detected due to the directly proportional relationship between the magnetic moment of the targeted cell and the number of bound MNPs. Biomarker expression was determined by the magnetization curve (Figure 7d ). The four biomarkers (HER2/neu, EGFR, EpCAM, and mucin-1) detected CTCs in all 20 ovarian cancer patients, whereas CellSearch performed on samples from those same patients only found CTCs in five. This same four-biomarker panel was used with a novel bioorthogonal nanoparticle detection (BOND) strategy to amplify cell labeling by immunolabeled MNP, to allow detection by a micronuclear magnetic resonance (μNMR) platform, as described in a recent review. 76 Separation of CTCs from the blood through use of immunomagnetic nanobeads was achieved through lateral magnetophoresis, allowing for high throughput and purity. 77 Microchannels were molded in SU-8 photoresist above ferromagnetic wires. Preimmunomagnetic nanobead labeled blood and buffer were introduced in two separate inlets and converged in the main channel, flowing above the wire-containing substrate. The application of a magnetic field drew the labeled cells into a separate smaller outlet from the larger outlet into which the blood cells naturally flowed due to the laminar nature of the channels. This setup led to 90% recovery in cell spike solutions and an average of 85% and 83% purities for 3 breast and 3 lung cancer patient samples, respectively. Downstream analysis was demonstrated through the RT-PCR detection of thyroid transcription factor-1 (TTF-1) expression levels in the isolated cells. MNPs were also strategically self-assembled for use in CTC capture, detection, and downstream analysis. 78 Layer-by-layer assembly was used to coat nanospheres with alternating layers of poly(ethylene imine) and MNPs. A series of reactions ultimately presented carboxylic acid groups on the surface of the magnetic nanospheres, allowing for NHS/EDC chemistry to be used for functionalization with anti-EpCAM. Characterization with 100 cells/mL spiked into whole blood of EpCAM-expressing cell lines showed capture efficiencies of greater that 92%. A total of 90.5% of captured cells were viable and could be cultured in vitro. CK19 and EGFR mutations could be detected through RT-PCR. Varied volumes of blood samples from patients with colon, liver, lung, and breast cancer patients were analyzed, and CTCs were detected in all.
Another property of MNPs used in CTC research is their ability to heat upon excitation. When conjugated with the S6 aptamer, gold-coated MNPs were able to recognize HER2 positive breast cancer cells, SKBR-6, from HER2 negative cells, LNCaP, MDA-MB, or HaCaT, following a 2 h incubation. 79 Visualization occurred through the use of Cy-3 conjugated S6 aptamers, and photothermal destruction was achieved through the application of a 670 nm OEM laser. However, this killed up to 12% of unlabeled cells in solution, leaving room for optimization.
Immunomagnetic labeling was combined with a magnetic sifter for high-throughput (10 mL/h) cell capture and subsequent release. 80 In the presence of a magnet, samples prelabeled with anti-EpCAMconjugated MNPs were drawn to the edge of the 40 μm pores in a silicon nitride membrane that was coated with an 80% nickel and 20% iron permalloy; unlabeled cells continued through. Release occurred following the removal of the magnet and a buffer wash, releasing 92.7% of captured cells. Between 31 and 96 CTCs/mL were detected in each of six non-smallcell lung cancer patients. With antibodies specific to wildtype and mutated EGFR, additional analysis could be performed by applying extracted membrane proteins to a magneto-nanosensor biochip. Using genetic engineering techniques, Maeda et al. were able to harness the cellular machinery of the bacterium Magnetospirillum magneticum AMB-1 to modify its naturally produced nanoscale bacterial magnetic particles (BacMPs). 81 The BacMPs were enclosed in a membrane, which has a number of integral proteins that can be used in gene fusion to effectively conjugate a desired protein to the BacMP. Maeda et al. fused the biotin carboxyl carrier protein (BCCP) as well as Protein G to the bacterial protein Mms13. Streptavidin conjugated with a quantum dot bound the expressed biotin, functionalizing the particle for imaging. To perform cell capture, the solution of interest was incubated with an anti-EpCAM antibody followed by mixing with the nanocomposite, which bound the constant fragment of the antibody with the fused Protein G. A magnetic separation was performed, yielding 92% recovery in experiments using cell lines. As shown by these examples, the nanoscale affords a breadth of advantages not available to traditional magnetic methods. Cellular internalization, signature size-based characteristic magnetic curves, and natural production and scale-up are several features that can be exploited by operating in the nano regime.
Vertically Aligned Carbon Nanotubes. The robust mechanical and electrical properties of carbon nanotubes (CNTs) make them another nanoscale tool being explored for cellular separation and characterization with potential applications in CTC research. With the use of well-established procedures, 82, 83 vertically aligned carbon nanotubes (VACNTs) can be grown using chemical vapor deposition (CVD), producing nanostructures for use capture and analysis. The deposition of CNTs was patterned to give twotiered structures. Fachin et al. demonstrated the fabrication of VACNT "forests" consisting of nanotube posts (Figure 8a ). This allowed capture on two scales: REVIEW collisions with the post and adhesion within the porous nanotube interior. 84 The smaller scale exploited the high surface area of the interior, while on the larger scale, the porosity allowed flow through the post, decreasing the width of the boundary layer and increasing the frequency of collisions of particles with the post (Figure 8b ). With the use of the interior nonporous CNT elements, a higher level of control and flexibility was achieved, allowing for an increased ability to manipulate particle flow, fluid flow, geometric control, and molecular diffusion. A porous post reduced the near-surface hydrodynamic resistance that occurs in a solid post, which decreases the interception efficiency; higher capture was then achieved due to flow through and around functional surfaces. When VACNT designs were utilized, it was possible to capture multiple species on a single chip. 85 A potential drawback to this design was the decreased density of capture antibodies extent on the post to bind cells, a disadvantage inherent in a highly porous structure. However, the streamline manipulation allowed improvement in capture relative to a control. Using these porous structures, Chen et al. 
Detection upon capture of cancer cells was achieved through the unique electrical properties of carbon nanotubes: VACNTs can serve as a conductive layer on an electrode. Abdolahad et al. then harnessed the ability of cells to bind and spread on nanostructures to create a biosensor with cells as a dielectric material. This electrical cell impedance sensing biosensor (ECIS) could sense changes in impedance levels, revealing the presence of a cell. The mechanism of attachment has not yet been elucidated, but the failure of prefixed cells to bind the nanotubes suggests that the natural deformability of the cell may play a role. 87 In the case of CNTs, material attributes in addition to scale-based features can be used to further investigate the presence and properties of cells, making these technologies well-suited for application in CTC research. Capture and study is facilitated both through the interactions between the cells and the CNTs and the interactions between the surrounding fluid and the CNTs, presenting many potential applications. Halloysite nanotubes have also been used to provide similar advantages in rare cell capture with selectins, as reviewed recently. 88 Nanopillars, Nanowires, and Nanofibers. The ability of cell surface components to interact with nanofeatures due to their mutual scale is a fundamental asset in the biological application of nanotechnology, as described in a recent review article. 89 The fabrication of such elements for cell capture has been performed using multiple materials in several structures. Silicon was etched or deposited into nanopillars or nanowires to increase surface contact with extracellular features. Wang et al. used a silver and hydrofluoric acid etching process to create a surface of silicon nanopillars (SiNP). After attachment of streptavidin through NHS/maleimide chemistry, biotinylated antiEpCAM was coupled, joining the capture antibody to the SiNP. 90 The capture efficiency of SiNP modified substrates (45À65%) was up to 10 times higher than that of the flat silicon substrates (4À14%). The effect of SiNP length on capture was tested, resulting in speculation that the optimized lengths corresponded to lengths amenable to interaction with extracellular structures. These researchers having optimized the substrate with MCF-7 cells spiked into whole blood, a SiNP surface was used in conjunction with a chaotic micromixer for both cell line and patient sample CTC capture (Figure 9a ). 91 The results from patient sampling were compared with CellSearch analysis, and showed a marked improvement over this established method, detecting CTCs in 20 out of 26 patients, while CellSearch found CTCs in only 8 of those patients. Using a chemically etched silicon nanostructured surface with similar dimensions under the name silicon nanowires (SiNW), Hou et al. were able to conjugate a temperature sensitive polymer, poly(N-isopropylacrylamide) (PIPAAm), to the high surface area substrate, designated SiNWS, allowing for controlled release of captured CTCs. 92 Further conjugated with anti-EpCAM antibodies, the functionalized SiNWS-bound PIPAAm facilitated cell capture at a ratio of over 70% of labeled MCF-7 cells spiked into blood and 90% cell release for 1000 MCF-7 cells/mL with 90% viability. The role of the antibody as a capture moiety may be assumed by DNA aptamers. These aptamers were conjugated to the elements of a silicon nanowire array (SiNWA) to isolate CD4þ T lymphocytes (Figure 9b) . 93 In addition to showing increased specificity as a result of both the aptamers and the nanostructured surface, the application of exonuclease I allowed for the release of 97% of captured cells with 90% viability. A similar method of rare cell capture and release via DNA aptamers of cancer cells was put forth as an update to the NanoVelcro Chip (Figure 9c) . 94 This device was validated using the non-small-cell lung cancer (NSCLC) cell line A549, and release was conducted with the enzyme Benzonase Nuclease. Increased purity was achieved through a second capture/release pass through the device, resulting in greater than 95% purity. The clinical utility of this method was demonstrated through genetic analysis of the released cells, using PCR and Sanger sequencing to reveal a mutation characteristic of A549 cells, KRAS G12S .
SiNWs can also be fabricated using chemical vapor deposition. Kim et al. then treated these structures with oxygen plasma to yield hydroxyl groups capable of reacting with 3-aminoprophyltiethoxysilane (APTES), which, in turn, was conjugated with the cross-linking agent glutaraldehyde (GA), which ultimately reacted with streptavidin. 95 Samples were mixed with biotinylated anti-CD4 antibodies, which could bind CD4þ cells and be bound by the streptavidin-functionalized surface ( Figure 9d ) in a capture technique that could by translated from T lymphocyte separation to separation of CTCs using a different biomarker. Using the same APTES/GA chemistry, Lee et al. performed CTC capture using anti-EpCAM conjugated with quartz nanowire (QNW) of comparable dimensions, additionally integrating laser scanning cytometry to conduct automated analysis. 96 This group also used this chemistry to conjugate streptavidin to SiNWs fabricated using a silver-assisted chemical etching procedure. 97 Pretreated solutions of A549 cells spiked into sheep blood underwent separation with an average capture efficiency of 92.6%. Cellular affinity for the structured surface was apparent given the extracellular protrusions visualized through SEM imaging. Nanofabrication can also be conducted with titanium oxide, which can be electrospun into nanofibers of 100À300 nm diameter (Figure 9e) . 98 Horizontally oriented as opposed to the vertical orientation of the nanoposts and nanowires described above, titanium nanofibers (TiNFs) provide a scaffold for CTC capture. Zhang et al. fabricated TiNFs from a spun composite of REVIEW titanium n-butoxide (TBT) and polyvinyl pyrrolidone (PVP). Through 3-mercaptopropyl trimethoxysliane (MPTMS) and N-maleimidobutyryloxy succinimide ester (GMBS), streptavidin was joined to the fiber, and REVIEW biotin/avidin chemistry was exploited to join a biotinylated anti-EpCAM to the surface to enable cell capture. Performance was verified using samples from gastric and colorectal cancer patients. SEM imaging displayed cell spreading and the interaction of cellular structures with the nanostructures on the substrate surface.
Electrospinning was used to coat a laser microdissection slide with poly(lactic-co-glycolic acid) (PLGA) nanofibers, yielding a transparent capture surface with the advantages of a nanostructured surface. 99 For melanoma-specific capture, biotinylated anti-CD146 was presented by streptavidin linked to the PLGA nanofibers by NHS chemistry. The device was characterized using the melanoma cell line M229, with an 87% capture efficiency when cell suspensions were flowed at 1 mL/h, with a slightly higher capture ratio when operated at 0. highly relevant in the use of therapeutic BRAF inhibitors. Through various chemical fabrication methods and coupling chemistries, a wide array of substrate surface structures has become available for use in CTC research. Nanopillar, wire, and fiber geometries exploit both size scale and high surface area to increase the interface between capture substrates and cellular structures, improving upon capture with specific antibodies alone.
Nanoroughened Structures. The adhesion preference of CTCs differs from that of blood cells, making nanoroughened surfaces an alternative technique for CTC capture. 100 Nanoroughened surfaces increase the surface area available for adhesion, binding, and reactions. Through deposition, molding, and etching, nanoroughened surfaces have been fabricated to facilitate capture and postprocessing of rare cells, including CTCs. The ability of RNA to reveal the tissue of origin or mutations associated with cancer progression makes it an important resource in CTC investigation. As such, its isolation and analysis is an area of interest that can be aided by the use of nanoroughened surfaces. Following the extraction of RNA from magnetic beadcaptured CTCs, Ivanov et al. were able to recognize the cells as originating from the prostate by using electrodes covered in peptide nucleic acid probes for prostate specific antigen (PSA) RNA (Figure 10a) . 101 The cells were further characterized by including probes for TMPRSS/ERG Type III, a gene fusion commonly found in prostate cancer. To increase the presentation of probes on the surface of the electrodes, a nanostructured surface of palladium was deposited by electroplating.
The increase in binding of RNA due to the increased accessibility allowed for a lower detection limit, which is especially desirable given the small population size of CTCs. RNA binding was sensed by the electrodes when the local increase in negative charge created an electrochemical signal through interaction with an electrocatalytic solution of Ru(NH 3 ) 6 3þ and Fe(CN) 6 3-.
The efficacy of this technology was shown using prostate cancer patient samples in an attempt to correlate CTC levels with Gleason score. RNA in and of itself is used in CTC technology through capture via RNA aptamers. Wan et al. utilized RNA aptamers against the epidermal growth factor receptor (EGFR) to isolate human glioblastoma cells, which are known to overexpress that receptor. 102 To render this capture device more efficient, a nanoroughened PDMS surface was fabricated using a poly-(D,L-lactide-co-glycolide) (PLGA) mold. The resulting PDMS exhibited increased surface area available for functionalization beginning with its treatment with ozone plasma and piranha solution. The resulting substrates were then soaked in APTES, creating amino groups. Once the amino groups were converted to isothiocyanate, DNA probes with added amino groups could be conjugated, and the RNA aptamers could ultimately hybridize with those probes. The initial increased area as a result of the nanoroughened PDMS allowed for more reactive groups at each step, carrying through to yield an increased density of surface aptamers for capture in the final step. Following capture, SEM imaging revealed that the cells spread over the nanotextured surface, while cells captured using a flat control device maintained a spherical morphology, highlighting the amenability of these modified substrates as cellular interfaces (Figure 10b ). DNA aptamers were also used on increased surface area substrates to improve rare cell capture. 103 Sheng et al. used an avidin-coated glass substrate which bound biotinylated gold nanoparticles (AuNPs) which had been previously conjugated with DNA aptamers to capture the cells of interest, in this case the leukemia cell line CCRF-CEM. The AuNPs created a surface capable of displaying a higher concentration of aptamers resulting in multivalent binding for cell capture (Figure 10c ), giving greater than 90% capture efficiencies for as few as 100 CEM cells spiked into whole blood. Initial challenges posed by red blood cells blocking aptamer binding of target cells were overcome by incorporating a herringbone pattern into the PDMS capture chamber, taking advantage of the versatility of PDMS molding to introduce micromixing.
Another polymer in addition to PDMS used as a substrate for biological capture is poly(3,4-ethylenedioxy)-thiophene (PEDOT). Sekine et al. deposited a carboxylated PEDOT in nanodots onto the surface of indium tin oxide (ITO)-coated glass using an electrolyte solution and various voltages (Figure 10d) . 104 Increased voltage gave larger particle sizes and lower particle densities, and while REVIEW Figure 10 . Nanotextured surfaces. (a) Nanostructured microelectrodes with two different redox-active probes, Ru(NH 3 ) 6 3þ , which accumulates on the sensor based on the amount of target mRNA, and Fe(CN) 6 3-, which can regenerate the Ru(II) species. REVIEW the root-mean-square roughness initially increased with voltage, it eventually reached a maximum as the particles began to fuse. Capture anti-EpCAM was then appended to the surface through NHS/EDC and biotin/avidin chemistry. The anti-EpCAM nanostructured surface showed increased capture of EpCAM-expressing cells relative to flat films conjugated with anti-EpCAM when the surface was characterized and optimized using cell lines, suggesting possible applications in the field of CTC study.
Surfaces were modified to present P-selectin molecules in contrast to the antibodies and aptamers often used in cell capture. 105 Negatively charged colloidal silica nanoparticles were attached to the inside of a tube through either poly-L-lysine or titanium(IV) butoxide, increasing the surface area for P-selectin adsorption. The capture system was evaluated with the acute myeloid leukemia KG1a cell line, showing a 50% capture yield for cells spiked into blood. 106 The established interactions between cell surface features and nanoscale structures suggest the possibility of capture without the use of a specific capture moiety. Chen et al. exploited the selective adhesion of cancer cells to nanotextured surfaces when compared with blood cells by reactive ion etching a glass surface for use in CTC capture (Figure 10e) . 100 Increased roughness correlated with increased capture, while the conjugation of anti-EpCAM to the nanoroughened surface was not shown to make a significant difference in capture for increasingly roughened surfaces. The use of selection by EpCAM expression causes a significant loss of information within CTCs due to the inherent selection of a specific EpCAM-expressing population of cells that may not give a complete picture of the cancer. When nanoroughened surfaces are utilized, the use of capture antibodies is not necessary, showing the potential of nanoscale features to capture a metamorphic population of cells. When every additional cell captured represents a significant increase in the amount of information that can be obtained, the ability of nanoroughened surfaces to increase capture yield through increased surface area for aptamer and antibody binding and display or through direct capture of the cells via extracellular structure interaction shows their promise in the expanding field of CTC research.
Graphene Oxide. Graphene oxide is a promising material as a component in applications such as delivery of water-insoluble cancer drugs, 107 114, 115 It is a derivative of graphene with oxygen functional groups on its basal planes and edges. Converting graphene oxide to graphene is one method used to manufacture graphene. 114, 116 Ruoff's group demonstrated a solution-based approach to obtain individual graphene oxide sheets involving chemical oxidation of graphite to hydrophilic graphite oxide, followed by exfoliation through ultrasonication in water. 117 Graphene oxide has certain advantages for biological applications. It is easy to functionalize graphene oxide through polyethylene glycol (PEG)-based chemistry. 118 Additionally, graphene oxide particle size can be controlled by sonication time and filtration. 119 Furthermore, the optical transparency of graphene oxide is one of its promising characteristics for biological and medical research, allowing for improved imaging. 120 Myung et al. demonstrated a novel biosensor with graphene oxide nanoparticles for detection of breast cancer biomarkers. 121 The negatively charged graphene oxide was coated on amine-terminated silicon oxide nanoparticles (NPs), as shown through transmission electron microscopy (TEM) (Figure 11a ). The graphene oxide coated NPs were self-assembled on the surface functionalized oxide substrate with a metal electrode. To enable electrical conductivity to access sensing functionality, the graphene oxide was reduced to graphene by exposure to hydrazine vapor. Through the measurement of the relative conductance change of the devices, HER2 was detected.
Graphene oxide was also used as a starting point for the electrical detection, capture, and fluorescent imaging of CTCs. 122 A glassy carbon electrode was pretreated with chitosan, after which graphene oxide was deposited and reduced. Anti-EpCAM was conjugated to the surface using the cross-linker glutaraldehyde, allowing for cell capture. Anti-EpCAM and anti-GPC3, a marker for hepatocellular carcinoma, conjugated to SiO 2 nanoparticles modified with ZnSe, CdTe1, or CdTe2 were incubated with the captured cells, allowing for enumeration via square-wave voltammetric (SWV) measurements as well as fluorescent imaging (Figure 11b ). Cells were detected at concentrations as low as 5 cells/mL using spiked Hep3B cells in PBS, representing proof of principle. Spiked cells in blood and clinical samples will be necessary for further device characterization. Graphite oxide was used as an intermediate for conjugation chemistry in a magnetic nanoparticleÀ micropost system (Figure 11c) . 123 Magnetic nanoparticles were embedded in graphite oxide sheets, which subsequently underwent NHS/EDC chemistry to bind streptavidin. Biotinylated anti-EpCAM was then used for functionalization. Nickel micropillars under a magnetic field attracted magnetic nanoparticles, creating both a textured surface for increased interaction with cells and increased antibody presentation. Capture of spiked cells from blood was achieved with greater than 40% efficiency. By removing the magnetic field and flowing a wash buffer, 92.9% of captured cells were released, 78% of which were viable. Recently, Yoon et al. demonstrated the graphene oxide chip for sensitive capture of CTCs. 124 Graphene oxide nanosheets functionalized with polyethylene glycol (PEG) were able to self-assemble on a goldpatterned silicon surface through use of a positively charged intercalating agent. 125, 126 A series of linker chemistries including cross-linker and biotinÀavidin REVIEW chemistry were then used to ultimately functionalize the substrate with an anti-EpCAM antibody (Figure 11d ). To characterize the graphene oxide chip, MCF-7, Hs-578T, and PC-3 cell lines were spiked into buffer or blood and flowed through the chip. The captured cells were cultured on the patterned gold surface with graphene oxide sheets, making use of the advantageous virtually twodimensional capture surface. Graphene oxide sheets have been shown to enhance cell proliferation because of their biocompatibility with cells. 127, 128 The culture of captured CTCs would allow for increased downstream analysis previously rendered difficult due to the low number of CTCs, such as RT-PCR or drug testing both for the development of new therapeutics and of individualized treatment. 129 Blood samples from patients with breast, pancreatic, and early lung cancer were processed on the graphene oxide devices and 2À23 CTCs/mL were captured. Nanomaterials such as graphene oxide present the many advantages of operating at that length scale: increased available surface area, convenient established chemistries, and a breadth of biological applications ( Table 1) . As shown by the graphene oxide CTC capture device, 2D carbon can serve as a foundation upon which a new generation of rare cell isolation and characterization devices may be built, enabling the scale-up and downstream analysis necessary to address the problems currently facing cancer researchers. Graphene oxide is representative of nanomaterials that can be integrated into CTC research because of its enabling of successful high sensitivity capture, suggesting its continued use in CTC devices. Magnetic nanoparticles Cellular internalization, signature size-based characteristic magnetic curves, potential natural production, easy scale-up
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SUMMARY AND FUTURE PERSPECTIVES
The isolation and study of circulating tumors cells has been a research aim for over a century, and an FDAapproved separation device has been available for nearly a decade. Improving upon this established but imperfect technology, microfluidics allows the precise flow control and parameter manipulation to achieve the purity, specificity, and yield necessary for thorough investigation into the full potential of this small population of cells. Microfluidic devices for CTC capture were initiated using the building blocks of silicon and PDMS, but further increases in CTC capture metrics will, in turn, require further innovation.
Nanomaterials are able to address the problems of insufficient capture efficiency and low purity through their high surface-area-to-volume ratio. 89 Carbon nanotubes, graphene oxide, nanopillars, nanowires, magnetic nanoparticles, and nanorough-featured surfaces can be manufactured and tailored to fit the desired application through microfabrication technologies, such as reactive ion etching, chemical vapor deposition, and photolithography, and customizable chemistries, such as biotinÀavidin affinity. This field is filling its toolbox in an analogous fashion to the introduction of microfluidics to CTC isolation and is the future of rare cell separation as the field progresses. The ideal CTC isolation technology must be sufficiently versatile to capture a heterogeneous population of cells, gentle to ensure their viability, and able to release the cells for further culture and study. This device would have high yield, sensitivity, and purity while simultaneously operating at high throughput. Fabrication should be simple, repeatable, and inexpensive. As such, materials for use in CTC isolation should have the desirable properties afforded by nanomaterials. Nanomaterials make available a wide range of established conjugation chemistries and provide the many benefits of increased surface area. They can be incorporated into microfluidic platforms, facilitating prototyping. Current CTC isolation technologies have been optimized in many of these respects, but a truly comprehensive device has yet to be developed.
To make full use of the availability of CTCs through a simple liquid biopsy and the information they may provide, CTC culture and additional genomic and proteomic analysis is necessary to conduct the translational research necessary to put a stop to metastatic cancer. However, these are likely attainable goals given the recent progress made with the help of nanomaterials and their promise for future study.
